Introduction
Arthrogryposis multiplex congenita (AMC) 1 is characterized by the presence of multiple joint contractures developing in utero. In most cases it results from lack of fetal movement that can be associated with intrauterine or neonatal death due to pulmonary hypoplasia and hydramnios. Some cases are genetically determined but in others the cause is unknown (1) . Chick embryos injected with the muscle acetylcholine receptor (AChR) blocking drug, d -tubocurarine, developed joint contractures (2) , and AMC occurred in the baby of a mother with tetanus who was receiving muscle relaxants (3) . Thus, maternal circulating factors inhibiting muscle activity need to be considered as possible causes of AMC.
Myasthenia gravis (MG) is an autoimmune condition in which serum antibodies to AChR lead to loss of AChR and muscle weakness (4) . The pentameric AChR exists in two forms; ␣ 2 ␤␥␦ in fetal or denervated muscle, and ␣ 2 ␤␦⑀ in adult muscle (5) . A proportion of babies born to MG mothers exhibit transient weakness (neonatal MG) (6) , and this is more frequent if the mother's antibody binds preferentially to fetal AChR (7) . Occasionally babies have AMC as well as neonatal MG (6, 7) , suggesting that movement had been severely impaired in utero.
We have recently reported the case of a woman whose first healthy child was followed by five pregnancies complicated by severe fetal AMC leading to stillbirth or termination of pregnancy (8) . Although at no time having symptoms of MG, and showing no clinical features of MG when examined at the time of her most recent pregnancy, she had high levels of antiAChR and her immunoglobulin G (IgG) specifically inhibited the function of fetal, but not adult, AChR expressed in Xenopus oocytes (8) . Another patient, in whom MG was eventually diagnosed, had high titers of anti-AChR antibodies and a similar obstetric history (9) . In this paper we define the specificity of anti-AChR antibodies in sera from these two women and from three other mothers whose babies were born with AMC and who had formed part of an earlier survey of neonatal MG (7) . The latter three were also positive for anti-AChR but one was asymptomatic. We show that antibodies inhibiting fetal AChR function are present at high concentration in all five sera, confirming the importance of this antibody specificity in causing some cases of AMC. This work was reported in abstract (10).
Methods
Patient sera. Sera were obtained from five mothers (M) with obstetric histories of AMC, who were known to be anti-AChR antibody positive, as described elsewhere; AMC-M1 (8), AMC-M2 (9), AMC-M3-5 (6, 7). The main clinical features are summarized in Table I . In addition, we screened sera from 20 mothers with obstetric histories of AMC, who had no clinical features of MG or any other known immunological association. These sera were sent by clinical geneticists.
Measurement of anti-AChR antibodies.
Anti-AChR was measured by conventional radioimmunoassay using 125 I-␣ -BuTx ( Ͼ 200 mCi/mmol, Amersham International, Little Chalfont, UK) to label human muscle AChR extracted from a mixture of the ischemic muscles of amputated legs (11) . The AChR preparation contained mostly fetal (denervated) type AChR (as shown by reactivity with monoclonal antibodies specific for fetal AChR [12]) with a small amount of adult-type AChR. 50 l of prelabeled muscle extract was incubated with serum dilutions for 2 h at room temperature, and complexes precipitated with excess goat anti-human Ig using normal human serum as carrier if necessary. Results were expressed as nanomoles of ␣ -BuTx binding sites precipitated per liter of serum, using data from the linear part of the binding curve. 
22
Na ϩ flux assay. AChR function in TE671 cells was measured as previously described (13, 14) . TE671 cells (here called TE671-␥ ) that express fetal AChR, or TE671-⑀ , a subline in which over 70% of the AChR is the adult form (15), were grown under standard conditions and plated at 1-2 ϫ 10 6 cells per 32 mm well. 2 d later the medium was removed and replaced with serum or IgG dilutions in Hepes Locke buffer for 1 h at room temperature. The cells were briefly washed and the 22 Na ϩ flux measured using 1 min application of 0.2-0.5 mM carbachol as agonist and 300,000 cpm/ml of 22 
Na
ϩ in Hepes Locke buffer. The wells were washed rapidly four times with 2 ml of Hepes Locke buffer, and the retained 22 
ϩ counted on a gamma counter. Results were compared with wells incubated in buffer alone, after subtraction of cpm in wells pretreated with excess ␣ -BuTx to inhibit AChR function. In some experiments serum was tested similarly after a 30-min preincubation in mAbs to AChR (ascites diluted at 1:250-1:500; [12]). Based on preliminary experiments, this concentration was sufficient to bind all the surface AChR.
Effects of IgG on fetal and adult AChR expressed in Xenopus oocytes. IgG was purified using protein A sepharose under standard conditions using a Pierce kit. IgG fractions were dialyzed overnight against Ringer's solution. Expression of human AChR in Xenopus oocytes and measurement of ACh-induced ion currents was performed as described (8, 16 ). Briefly, oocytes were injected with cRNAs encoding either fetal ( ␣ 2 ␤␥␦ ) or adult ( ␣ 2 ␤␦⑀ ) type human AChR subunits. ACh-induced currents were measured by conventional two microelectrode voltage clamp 2-7 d following injection. Currents evoked by 1 mM ACh were measured before and immediately after a 40-min incubation in IgG at 1:50 dilution.
Results

Anti-AChR antibodies in AMC-mothers.
We first examined serum anti-AChR antibodies by immunoprecipitation. All AMC-M sera precipitated 125 I-␣ -BuTx-AChR at high dilution ( Fig. 1 A ) . In titrations of sera from AMC-M1, AMC-M2, and AMC-M4, however, only about 40-50% of the 125 I-␣ -BuTx was precipitated even with 4 l of each serum, compared with that precipitated when AMC-M3 and AMC-M5 sera ( Fig. 1  A ) , or a serum pool from typical MG patients (not shown) were tested. This suggested, from previous evidence (17) , that these three AMC-M sera were partially displacing 125 I-␣ -BuTx from its binding sites on the AChR. We therefore looked directly for antibodies against the ␣ -BuTx binding sites. When (Table II) , as shown in Fig. 2 for AMC-M1 and AMC-M2. 10 healthy control sera at the same dilution had no effect compared with cells treated with medium alone.
To see whether the inhibitory effects of AMC sera were confined to fetal AChR, we tested their effects on TE671-⑀ cells that express predominantly adult AChR (15) . None of the AMC-M sera, at 1:100 or 1:25 dilution, reduced AChR function in TE671-⑀ cells by more than 20% (Table II) .
IgG from AMC-M1 and AMC-M2 was purified by affinity chromatography. The IgG fractions contained more than 90% of the anti-AChR antibody and of the activity that inhibited 22 
Na
ϩ flux (not shown). AMC-M2 IgG at 1:50 dilution markedly reduced ACh-induced currents in Xenopus oocytes that had been injected with cRNA for the subunits of human fetal AChR ( ␣ 2 ␤␥␦ ), but had no effect on Xenopus oocytes injected with the subunits for human adult AChR ( ␣ 2 ␤␦⑀ ) (Fig. 3) .
Competition with anti-AChR monoclonal antibodies. The specificity of the sera for determinants on fetal-type AChR was further confirmed by the ability of fetal-specific mAbs to protect the AChR from the inhibitory actions that AMC-M1 and AMC-M2 sera exerted on 22 
ϩ flux. Three anti-AChR mAbs (B8, C2, and C9) that are fetal AChR-specific and bind to the ␥ subunit (L. Jacobson, A. Vincent, and D. Beeson. 1996 . In preparation), protected the AChR from subsequent inhibition by AMC-M1 and AMC-M2 (Fig. 4) . By contrast, mAb B3 that binds to the ␤ subunit on fetal and adult AChR (Jacobson, 1996) did not protect AChR function.
Anti-AChR in serum from unselected AMC mothers. AMC-M1 and AMC-M5 had no symptoms or signs of MG, in spite of raised levels of anti-AChR. We therefore assayed 20 sera from further mothers who had an obstetric history of AMC of unknown cause. The sera were negative for antiAChR antibodies by immunoprecipitation and did not inhibit 125 I-␣-BuTx binding to fetal-type AChR (not shown). However, three of these sera inhibited fetal AChR function in the 22 
ϩ flux assay by more than 20%, suggesting that there could be serum antibodies or other factors involved in these cases. Only 1 of 10 anti-AChR positive MG sera inhibited more strongly (Fig. 5 ).
Discussion
We have characterized the serum anti-AChR antibodies from five mothers whose obstetric histories had been complicated by AMC. In AMC-M1 and AMC-M2, recurrent severe intrauterine paralysis was responsible for stillbirths or termination of pregnancy (8, 9) . In AMC-M3-5 the babies had both AMC and neonatal MG but survived with treatment (7). Neither AMC-M1 nor AMC-M5 showed symptoms of MG (7). Despite these differing clinical presentations, sera from all five women inhibited fetal AChR function but had little effect on the function of adult AChR. Some inhibition of fetal AChR function was also seen in three of 20 sera from other mothers with histories of fetal AMC. Thus, serum factor(s) that interfere with the function of AChR in the developing fetus may, although occurring rarely, be an important and potentially treatable cause of AMC. IgG purified from AMC-M1 and AMC-M2 inhibited the ACh-induced currents of fetal, but not adult, AChR expressed in Xenopus oocytes ( Fig. 3 and reference 8) . ACh binds at the interfaces between the two ␣ subunits and their adjacent subunits. These sites differ in antigenicity and affinity for Fig. 1 B) , and on surface AChR in TE671-␥ cells (AMC-M1 and AMC-M2, data not shown), is consistent with this hypothesis. Previous reports have found a relationship between inhibition of AChR function and inhibition of 125 I-␣-BuTx binding with some MG sera (20, 21) . Although AMC is found in only about 10% of babies with neonatal MG (7, 22) , the inhibition by serum of 125 I-␣-BuTx binding to fetal/denervated AChR might be helpful in identifying mothers whose fetuses are at risk.
Preference of MG serum antibodies for fetal/denervated AChR has been demonstrated in previous studies (e.g. 7, 20, 21, 23, 24) . Vernet-der Garabedian et al. (7) recently showed that mothers who transmit neonatal MG to their babies have a high proportion of antibodies that, in immunoprecipitation assays, bind to fetal AChR rather than to adult AChR. However, they did not find this preference in cases of neonatal MG with AMC (described as fetal damage in their paper), presumably because they did not look specifically for antibodies that inhibit 125 I-␣-BuTx binding to fetal AChR. The results of this study raise several other questions. AMC-1 and AMC-5 had high anti-AChR levels by immunoprecipitation and yet did not have MG. Antibodies to AChR are usually considered diagnostic for MG, and it is very rare to find high levels of anti-AChR antibody in individuals without any history of weakness (4). Anti-AChR antibodies in MG lead to loss of functional muscle (adult-type) AChR by a variable combination of complement-dependent lysis of the neuromuscular junction, accelerated degradation of AChR and di- rect block of AChR function (4) . It would be interesting to clone IgG antibodies from mothers of AMC babies, using combinatorial expression libraries. One could then test the epitope specificity and pathogenicity of the individual Fabs or reconstructed IgGs.
Another question relates to the antigenic stimulus responsible for inducing the highly specific inhibitory antibodies found in AMC-Ms. Although fetal AChR is present in the normal thymus and some muscles (25, 26) , it is possible that the antibodies in AMC occur as an immune response to fetal muscle during pregnancy. It will be interesting to compare the frequency of these antibodies in other MG patients, particularly between parous and nonparous women.
It has been suggested that the susceptibility of extraocular muscles to myasthenic weakness reflects the presence of fetal AChR on the multiply innervated tonic fibers (27) . Although there is some expression of AChR ␥ subunit mRNA in extraocular muscle (26) , there is more AChR ⑀ subunit mRNA (MacLennan, C., D. Beeson, A. Vincent, J. Newsom-Davis, manuscript submitted for publication), and the lack of any ocular symptoms in AMC-M1 and AMC-M5 argues against antibodies to fetal AChR causing ocular muscle weakness.
The occurrence of high antibody titers against functional determinants on fetal AChR make it difficult to manage pregnancy in these cases. However, there must be increasing amounts of adult AChR made throughout the second and third trimesters since some mRNA for the ⑀ subunit is expressed by 14 weeks (MacLennan, C., D. Beeson, A. Vincent, J. Newsom-Davis, in press) and most of the fetal form is lost by 33 wk gestation (28). Therefore treatment might be required for a limited period during midpregnancy only. Plasma exchange and intravenous immunoglobulin infusions might reduce the level of circulating antibodies to an extent that is compatible with fetal movement. Furthermore, the ability of mouse monoclonal antibodies to prevent binding of AMC-M1 and -M2 antibodies suggests the possibility of blocking the binding by monoclonal Fab fragments, or by peptides representing the fetal-specific functional epitope on the AChR. Alternatively, it may be possible to block the active Fc-mediated transport of maternal antibody across the placenta for a limited period of time during which the fetus is most at risk.
The causes of AMC are multifactorial: some are clearly genetic, but others are unknown. Environmental factors, viral infections, and maternal neurological or muscle disease associated with reduced fetal movements, have been implicated (1) . When there is a recurrence in the absence of maternal disease, the etiology is usually presumed to be an autosomal recessive gene. We have shown that maternal antibodies are the cause in some cases. In addition to the five cases characterized here, we have screened sera from 20 mothers with an obstetric history of AMC; none were positive for anti-AChR but three of the sera inhibited AChR function at 1:100 dilution, albeit by a modest amount. Cases of neonatal MG with undetectable antiAChR have been reported, and seronegative MG appears to be due to antibodies binding to other muscle determinants that indirectly affect AChR function (29) . It is possible that maternal antibodies directed at other determinants on fetal muscle may cause muscle weakness or damage in some anti-AChR negative AMC cases. Alternatively, circulating non-Ig inhibitory factors may be present.
The role of maternally derived antibodies in fetal damage is not limited to muscle. In particular, anti-Ro antibodies, from both symptomatic and asymptomatic mothers, can cause congenital heart block (30) . Placental transfer of human antinuclear antigen antibodies has been demonstrated in mice injected with IgG from a patient with systemic lupus erythematosus (31) . This mouse model should be employed to investigate the possible role of antibodies to other fetal specific antigens, or to neuronal antigens that are exposed during fetal development, in causing fetal death or congenital abnormalities.
